We calculate theoretical isochrones in a consistent way for five filter pairs near the J and K band atmospheric windows (J-K, J-K ′ , J-K s , F110W-F205W, and F110W-F222M) using the Padova stellar evolutionary models of Girardi et al. We present magnitude transformations between various K-band filters as a function of color. Isochrones with extinction of up to 6 mag in the K band are also presented. As found for the filter pairs composed of H & K band filters, we find that the reddened isochrones of different filter pairs behave as if they follow different extinction laws, and that the extinction curves of Hubble Space Telescope NICMOS filter pairs in the color-magnitude diagram are considerably nonlinear. Because of these problems, extinction values estimated with NICMOS filters can be in error by up to 1.3 mag. Our calculation suggests that the extinction law implied by the observations of Rieke et al for wavelengths between the J and K bands is better described by a power-law function with an exponent of 1.66 instead of 1.59, which is commonly used with an assumption that the transmission functions of J and K filters are Dirac delta functions.
INTRODUCTION
have calculated theoretical isochrones with extinction for some H and K band filters using the Padova stellar evolutionary models by Girardi et al. (2002) . In Paper I, we found that the reddened isochrones of different filter pairs in H and K bands behave as if they follow different extinction laws, and that care is needed when applying an extinction law obtained with one filter pair to other, similar filter pairs. For example, if the extinction law for the Johnson-Glass H and K filters obtained by Rieke, Rieke, & Paul (1989) is directly applied to the photometry from the Hubble Space Telescope (HST) NICMOS filters (F160W, F205W, and F222M), estimated extinction values can be in error by up to 0.3 mag for true extinction at K of 6 mag or less. To reduce this error, Paper I introduced an "effective extinction slope" for each filter pair and isochrone model. It was also found that the extinction behavior of isochrones in the color-magnitude diagram (CMD) for filter pair F160W-F222M is highly nonlinear (i.e., the amount of extinction is not proportional to color excess) because of a significant width difference in the two filters.
These problems are certainly not limited to the isochrones for filter pairs in the H and K bands. This problem will apply to any situation in which one applies an extinction law deduced from one filter pair to other similar filter pairs. Furthermore, the nonlinear behavior of the extinction vector in the CMD will be problematic for filter pairs with significant difference in width. In the present paper, we extend the calculations performed in Paper I to the isochrones for filter pairs in the J and K bands. The filters considered here are the four ground-based filters J, K (Johnson et al. 1966) , K ′ (Wainscoat & Cowie 1992) , and K s (K-short; developed by M. Skrutskie; see the appendix of Persson et al. 1998) , and the three NICMOS filters F110W, F205W, and F222M (transmission functions of these filters are shown in Figure 1 ). Out of these seven filters, we consider five filter pairs: J-K, J-K ′ , J-K s , F110W-F205W, and F110W-F222M.
We adopt a Vega-based photometric system (VEGAMAG system), which uses Vega (α Lyr) as the calibrating star. For photometric zero points of NICMOS filters, we adopt f Vega ν values from the NICMOS Data Handbook (ver. 5.0): 1775 Jy for F110W, 703.6 Jy for F205W, and 610.4 Jy for F222M. For the spectra of synthetic stellar atmospheres, we adopt Kurucz ATLAS9 no-overshoot models 1 (Kurucz 1993 ) calculated by Castelli et al. (1997) . The metallicities of these models cover the values of [M/H] = −2.5 to +0.5. A microturbulent velocity ξ = 2 km s −1 and a mixing length parameter α = 1.25 are adopted in the present study. For the temporal evolution of effective temperature and luminosity as functions of stellar mass (i.e., stellar evolutionary tracks), we adopt the "basic set" of the Padova models 2 (Girardi et al. 2002) . We consider isochrones with a metallicity Z = 0.0001, 0.001, 0.019, and 0.03. The stellar spectral library and the evolutionary tracks we adopted assume a solar chemical ratios.
For more details on the magnitude system, stellar spectral library, and evolutionary tracks that we adopt here, readers are referred to Paper I.
Throughout this paper, we generically refer to the atmospheric wavebands centered near 1.25, 1.65, and 2.2 µm, as the J, H, and K bands, whereas we refer to the Johnson-Glass filters (Johnson et al. 1966; Glass 1974) as the J, H, and K filters.
Isochrones
We first prepare a table of magnitudes for all spectra in ATLAS9 models in the J and K band filters, covering a large range in T ef f , log g, and [M/H], using equations (5) and (6) of Paper I. We use this table as a set of interpolates for the T ef f , log g, and Z values predicted by the stellar evolution models for a given age in order to estimate synthetic isochrones.
Isochrones for A λ = 0, calculated in this way, are shown in Figures 2−5 for four different metallicities and four ages. The color differences between filters are more prominent for the highest metallicity isochrones. In most cases, isochrones for K ′ and K s are nearly indistinguishable, and those for F205W and F222M are quite close to each other. In general, for red giants, intrinsic color differences between the atmospheric and NICMOS filters are 0.2-0.4 mag.
As an independent check of our procedure, in Figure 6 we compare our J − K versus K isochrones to those calculated by Girardi et al. (2002) . The isochrones match nicely, except at the extremes. The discrepancy in the bright end is caused from the empirical M giant spectra that Girardi et al. (2002) added to their spectral library, and that in the faint end is by the addition of late M dwarf spectra. The discrepancies are considerable only at the top and bottom ∼ 1 mag of the isochrone, where only a small fraction of giants reside, or else stars are too faint for most observational situations.
Magnitude transformations between K-band filters can be obtained from our isochrones. We find that the magnitude difference can be well fitted by a third-order polynomial for K < 4 mag, and by a separate second-order polynomial for K > 4 mag. The largest residuals from the fit are 0.012 mag for the former and 0.008 mag for the latter. The coefficients of the best-fit functions are presented in Tables 1 and 2 , along with the residuals and fitting ranges. One useful way of using these tables would be to compare the magnitudes of helium-burning clump giant stars, which are rather insensitive to metallicity or age and are often used as distance indicators, observed with different photometric systems (the clump stars show a small variation with age, however; see Figer et al. 2004 ).
We present here isochrones with K-band extinctions of up to 6 mag, some of which are shown in Figures 7−11. For the extinction between the J and K bands, we adopt a power law,
where we choose λ 0 = 2.2 µm, and A 0 is the extinction at λ 0 . When assuming that the transmission functions of the J and K filters are Dirac delta functions centered at 1.24 and 2.21 µm, respectively, the extinction law by Rieke et al. (1989) gives α = 1.59. However, as discussed below in this section, the apparent extinction behavior of isochrones in the CMD can differ from the actual extinction law, as a result of a nonzero width and asymmetry of the filter transmission functions. We find that α = 1.66 makes the isochrone for the Z = 0.019, age = 10 9 yr model behave in the CMD as if it followed an extinction law with α = 1.59. We choose this particular isochrone for calibrating the extinction law, with the assumption that the stars used in Rieke et al. (1989) to derive their extinction law, which are the stars in the central parsec of our Galaxy, can be represented by the same metallicity and age. For the sake of comparison, isochrones in Figures 7−11 have been dereddened by the amount A 0 (λ c /λ 0 ) −1.66 , where the central wavelength of the filter λ c is defined by equation (8) of Paper I, and given in Table 3 .
Since we have dereddened the isochrones with the known amount of extinction at λ c , all the dereddened isochrones with different extinction values in Figures 7−11 should be coincident if the filter transmission functions were Dirac delta functions centered at λ c . As in Paper I, the dereddened isochrones misalign significantly, and this implies that the amount of extinction inferred from a CMD is sensitively dependent on the shape of the filter transmission function.
When estimating the amount of extinction from an observed CMD, one converts an observed color excess to an extinction value, following an assumed extinction law, which usually has the form of a power law. When one has photometric data from a pair of two filters, X and Y , the amount of extinction can be estimated by
where m X , m Y and λ X , λ Y are the magnitudes and the central wavelengths of the two filters, respectively, and subscript 0 denotes the intrinsic value. For estimating extinction from our isochrones, we first use α = 1.59. Figure 12 shows the difference between the inferred extinction values, using equation (2) and colors from our reddened isochrones, and the actual extinction values. Here the extinction of each isochrone has been calculated using the mean color (for A est Y ) and magnitude (for A Y ) of the reddened isochrone data points having intrinsic K-band magnitudes between −6 and 0 mag. As the figure shows, the differences between estimated and actual extinction values are much larger for the NICMOS filter pairs. The largest relative difference is ∼ 24%, and the largest absolute difference is 1.25 mag. Note that the extinction estimates for the Z = 0.019 and age = 10 9 yr model inferred from H and K are very close to the actual extinction values, justifying our choice of α = 1.66 for equation (1 To reduce the problems seen in Figure 12 , Paper I introduced an "effective extinction slope" α ef f for each filter pair and isochrone model, which is defined such that it better describes the extinction behavior in the CMD:
where b is the slope of the straight line that fits the distribution of reddened magnitudes versus reddened colors, as in Figure 13 . This figure shows reddened K-band magnitudes and colors for the Z = 0.019 and age = 10 9 yr isochrone (the figure only shows an isochrone data point whose intrinsic K magnitude is 0, as an example). We calculate b for data points of each isochrone whose intrinsic K magnitudes are between −6 and 0 mag, and take an average for each isochrone model. Table 4 shows the averages and standard deviations of α ef f values for each isochrone model. For atmospheric filters, the standard deviations of α ef f in an isochrone is generally much smaller than the differences of average α ef f values between different isochrones, while those for NICMOS filters are relatively larger. The average α ef f values range from 1.403 to 1.610, which are 15% to 0.02% smaller than the original α value we adopted for extinction, 1.66. As seen in Figure 14 , extinction values estimated by equation (2) with α ef f are closer to the actual values for atmospheric filters, but still deviate significantly from the actual values for NICMOS filters, because of the nonlinear extinction seen in Figure 13 .
As pointed out in Paper I, the nonlinear extinction behavior of NICMOS filters is due to a significant difference in relative widths of the two filters: the width to central wavelength ratio ∆λ/λ c is ∼ 0.5 for F110W, while those for F205W and F222M are ∼ 0.3 and ∼ 0.07, respectively. Figure 15 shows the effect of the filter width by comparing the extinction behavior of six imaginary filter pairs. Filter pair a represents J and K, whose ∆λ/λ c values are both ∼ 0.16, and its extinction behavior in the CMD is nearly linear. On the other hand, filter pairs b and c, which represent filter pairs F110W-F205W and F110W-F222M, show considerable nonlinearity. When the ∆λ/λ c of the short-wavelength filter is reduced by ∼ 60%, however, the extinction behaves much more linearly (d and e). This shows that the nonlinear extinction in filter pairs F110W-F205W and F110W-F222M is due to a relatively larger ∆λ/λ c value of the F110W filter. When both filters have the same large ∆λ/λ c values (∼ 0.5), the extinction becomes almost linear again (f ).
The introduction of effective extinction slopes does not alleviate the nonlinear extinction problem of NICMOS filter pairs. So in Table 5 we provide the coefficients of best-fit third-order polynomials of the extinction curves for NICMOS filter pairs shown in Figure 12 so that one can accurately estimate the extinction value for NICMOS filter pairs as well. Note that we assumed α = 1.59 for all isochrone models when estimating A est Y in Figure 12 . As in paper I, we find that for the filters whose extinction behavior is relatively linear, the transformation of extinction values from filter Y to filter Y ′ can be obtained by
if A Y is estimated with α ef f , and the original α value of 1.66 is used in the above equation.
SUMMARY
We have calculated in a consistent way five near-infrared theoretical isochrones for filter pairs composed of J and K filters: J-K, J-K ′ , J-K s , F110W-F205W, and F110W-F222M. We presented isochrones for a Z of 0.0001-0.03 and an age of 10 7 -10 10 yr. Even in the same Vega magnitude system, near-infrared colors of the same isochrone can be different by up to ∼ 0.4 mag at the bright end of the isochrone for different filter pairs. The difference in intrinsic colors for a red giant for atmospheric filters and the HST NICMOS filters is generally 0.2-0.4 mag. We have provided magnitude transformations between K-band filters as a function of color from J and K band filters. We also presented isochrones with A K of up to 6 mag. We found that care is needed when comparing extinction values that are estimated using different filter pairs, in particular when comparing those of atmospheric and NICMOS filter pairs: extinction values inferred using NICMOS filters can be in error by up to 1.3 mag. To alleviate this problem, we introduced an "effective extinction slope" for each filter pair and isochrone model, which describes the extinction-dependent behavior of isochrones in the observed CMD. We also provided a procedure to accurately estimate the extinction value for NICMOS filter pairs, whose extinction curves in the CMD are highly nonlinear.
We thank Jae-Woo Lee for a helpful discussion. S. S. Only the data points that have log T ef f ≥ 3500 K and log g ≥ 0 were considered for the fitting. Note. -Data are presented in the form of average ± standard deviation. The average and standard deviation values are calculated from the data points of each isochrone whose intrinsic K magnitudes are between −6 and 0 mag. Note. -Coefficients of best-fit third-order polynomials for the extinction curves in Figure 12 for HST NICMOS filter pairs. The difference of the estimated extinction and the true extinction is fitted to a function [A Girardi et al. (2002; dashedlines) . Only data points that have log T ef f ≥ 3500 K and log g ≥ 0 are plotted. -Reddened magnitudes and colors (crosses) for the Z = 0.019 and age = 10 9 yr isochrone data point whose intrinsic K magnitude is 0, for six imaginary filter pairs whose transmission functions are shown in the right panel. Also shown are the best-fit straight lines that go through the data point for A λ = 0 for each filter pair.
